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SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURE THEREOF 



This application is based upon and claims the 
benefit of priority from the prior Japan Patent 
Applications No. 11-121689, April 28, 1999; and 
No, 2000-122018, April 24, 2000, the entire contents of 
which are incorporated herein by reference. 



A source/drain region and a gate electrode of a 
MOS transistor are electrically insulated from each 
other by a gate insulating film present between the 
source/drain region and the gate electrode. Since the 
lower edge of the gate electrode is formed into a sharp 
shape, electric fields are concentrated on the lower 
edge of the gate electrode. The enhancement of the 
electric fields causes dielectric failure in insulating 
between the source/drain region and the gate electrode. 

The gate insulating film adjacent to the lower 
edge of the gate electrode sustains process damage 
owing to etching which is performed when the gate 
electrode is formed or ion implantation which is 
performed when the source /drain region is formed. 
The deterioration in the insulation resistance is 
caused by the process damage. The deterioration in the 
insulation resistance results in the dielectric failure 
to becomes more critical. 
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The foregoing states also applies to the lower 
edge of a floating gate electrode of a flash memory 
cell as well as the lower edge of the gate electrode of 
the MOS transistor. That is, the foregoing fact 
5 usually applies to an insulating gate transistor of a 

type incorporating a gate electrode having a sharp edge 
and disposed opposite to a semiconductor substrate 
through a gate insulating film. 
□ As a conventional technique for overcoming the 

i,n !0 foregoing problem of the dielectric failure, a post- 

=J3 oxidation process is known. As shown in FIG. 10A, the 

m foregoing process has the steps of sequentially forming 

„'* a silicon oxide film 92 and a low-resistance 

IS polycrystalline silicon film 93 containing dopant on a 

IK 15 silicon substrate 91. Then, the polycrystalline 

silicon film 9 3 is formed into a predetermined pattern, 
and then, as shown in FIG . 10B, thermal oxidation is 
performed in an oxygen (O2) atmosphere so that a post 
oxide film 94 is formed. Since the post oxide film 94 
2 0 is formed, the sharp lower edge of the polycrystalline 

silicon film 93 can be rounded. Thus, the electric 
field at the lower edge is moderated. 

Birds beak oxidation occurring when the thermal 
oxidation is performed enlarges the distance between 
25 the lower edge of the polycrystalline silicon film 93 

and the silicon substrate 91. Thus, the electric field 
at the lower edge can be weakened. When the distance 
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- 3 - 

between the substrate and the lower edge is elongated, 
the distribution of the electric fields is not changed* 
The overall intensity of the electric field is, 
however, weakened, causing the electric field at the 
5 lower edge to be moderated. 

The silicon oxide film 92 present adjacent to the 
edge of the polycrystalline silicon film 93 and which 
has sustained the process damage is permitted to 
restore its process damage owing to the post oxidation 

10 which is additional oxidation. Thus, the film quality 

of the silicon oxide film 92 can be improved so that 
the insulation resistance of the silicon oxide film 92 
is improved. 

The foregoing post oxidation process attains 

15 a similar effect when an overetching structure as shown 

in FIG. 11A and 11B is subjected to the process. 
FIG. 11A and 11B show a structure that also the silicon 
oxide film 92 which is present below the 
polycrystalline silicon film 93 which must be removed 

20 when the polycrystalline silicon film 93 is patterned. 

Moreover, the surface of the silicon substrate 91 below 
the silicon oxide film 92 has been removed. 

As described above, employment of the post 
oxidation process enables a dielectric failure caused 

25 from enhancement of electric fields at the lower edge 

of the polycrystalline silicon film 93 to be avoided. 

As a conventional method for converting a silicon 



nitride film into silicon oxide film, a thermal 
oxidation method using steam or oxygen (0 2 ) gas as 
an oxidizer, or a plasma oxidation method using oxygen 
gas or ozone gas as a source and arranged to be 
performed in a plasma atmosphere is known. 

The foregoing method has the following problems. 
When the thermal oxidation method is employed, a great 
thermal budget is required to be performed at high 
temperatures for a long time. When the surface of 
a silicon nitride film formed by an LPCVD method is 
formed into silicon oxide film having a thickness of 
5 nm, great thermal budget must be performed at 950°C 
for about one hour even when a steam oxidation method 
exhibiting a high oxidation rate is employed. 

When the thermal budget is too great, dopant in 
the silicon substrate encounters thermal diffusion. 
Thus, the concentration profile of the dopant is 
undesirably changed. Therefore, the thermal oxidation 
method cannot easily be applied to a process for 
treating small devices. 

When the plasma oxidation method is employed, the 
body which must be processed is exposed to plasma. 
Therefore, for example, the gate insulating film 
sustains plasma damage. The foregoing plasma damage 
causes deterioration in the reliability of the 
insulating film and undesirably change in the 
characteristics of the device. 
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The conventional techniques and their problems 
will now be described. 

FIG. 12A to 12D are cross sectional views showing 
steps of a method of forming a small-size MOS 
5 transistor superior to the lithography performance. 

As shown in FIG. 12A, a gate insulating film 102, 
a polycrystalline film 103 which is formed into a gate 
electrode and a silicon nitride film 104 which serves 
3 as a mask (a SiN pattern) for use when the 

-•El 

10 polycrystalline silicon film 103 is etched are 

\$ sequentially formed on a silicon substrate 101 having 

UR a surface into which dopant has been introduced by 

a. an ion implantation method. 

w g Then, as shown in FIG. 12B, resist is applied 

%j 15 to the overall surface to transfer a gate pattern 

t*""s 

^ having a minimum width which can be realized by the 

lithography technique to the resist. Thus, a resist 
pattern 105 (a portion indicated with a dashed line) is 
formed. Then, an oxidation process which is process 

20 under a reduced pressure and using radical oxygen is 

performed to reduce the width of the resist pattern 
105. The drawing shows the resist pattern 105 having 
the reduced width with a solid line. 

Then, as shown in FIG. 12C, the resist pattern 105 

25 is used as a mask to etch the silicon nitride film 104 

by RIE (Reactive Ion Etching) method so that a SiN 
pattern is formed. Then, the resist pattern 105 is 




- 6 - 

removed. 

Then, as shown in FIG. 12D, the residual silicon 
nitride film (the SiN pattern) 104 is used as a mask to 
etch the polycrystalline silicon film 103 by the RIE to 
5 form a gate electrode having a small size superior to 

the performance of the lithography. 

Finally, as shown in FIG. 12D, the gate electrode 
(the polycrystalline silicon film) 103 is used as 
t~ a mask to implant dopant ions into the surface of 

1J 10 the substrate. Then annealing is performed to activate 

^ the dopant so that a source/drain region 106 is formed. 

|<n Thus, a MOS transistor is manufactured. 

^ The foregoing conventional method requires the 

*5 film thickness of the resist which is applied in the 

ry 

%| 15 step shown in FIG. 12B to be about 500 nin in a usual 

Q case. Therefore, when the gate electrode 103 having 

a width of, for example, 50 nm is formed, the aspect 
ratio of the resist pattern 105 is undesirably raised 
to 10. 

20 Therefore, the shape of the resist pattern 105 

easily disperses. As a result, there arises a problem 
in that the shape of the gate electrode 103 dispersed. 
Another problem arises in that the resist pattern 105 
falls. 

2 5 As an alternative to reduction in the width of the 

resist pattern 105, a technique is known with which the 
width of the SiN pattern film 104 is reduced. That is, 



the conventional method has the arrangement that the 
SiN pattern 104 having the minimum width which can be 
realized by the lithography technique is formed, and 
then the oxidation process is performed to reduce the 
SiN pattern 104. 

However, the width of the SiN pattern 104 cannot 
easily be reduced to a required width. When the steam 
oxidation method exhibiting a high oxidation rate is 
employed, thermal budget at 950°C for one or more hours 
must be performed to reduce the width of the SiN 
pattern 104 by 10 nm. When the foregoing high- 
temperature and long oxidation process is performed, 
there arises a problem in that the concentration 
profile of the dopant in the silicon substrate 101 is 
considerably changed. 

BRIEF SUMMARY OF THE INVENTION 

An object of the present invention is to provide 
a semiconductor device which is capable of preventing 
dielectric failure from occurring at the edge of a 
conductive film of a structure in which the conductive 
film including silicon patterned on an insulating film 
containing silicon and nitrogen is formed and a 
manufacturing method therefor. 

A semiconductor device according to the present 
invention comprises: a semiconductor substrate having a 
main plane which has a first region and a second region 
having the surface which is lower than the surface of 
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the first region such that the first region and the 
second region are connected to each other; a first 
insulating film formed on the first region and 
containing silicon, nitrogen and oxygen; a conductive 
5 film formed on the first insulating film and containing 

silicon; and a second insulating film formed on the 
second region, containing silicon and oxygen and 
arranged to be in contact with the conductive film and 
the first insulating film. 

10 A method of manufacturing a semiconductor device 

according to the present invention comprises the steps 
of: forming an insulating film containing silicon and 
nitrogen on a semiconductor substrate; forming a film 
which must be processed and which contains silicon on 

15 the insulating film; processing the film which must be 

processed to cause a portion of the insulating film to 
expose to the outside; and subjecting a semiconductor 
structure obtained owing to the steps to an oxidation 
process using an oxidizing gas containing either of 

20 ozone or oxygen radicals. 

A method of manufacturing a semiconductor device 
according to the present invention comprises the steps 
of: forming an insulating film containing silicon and 
nitrogen on a semiconductor substrate; forming a film 

2 5 which must be processed and which contains silicon on 

the insulating film; processing the film which must be 
processed to cause a portion of the insulating film to 
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expose to the outside; subjecting a semiconductor 
structure obtained owing to the steps to an oxidation 
process using an oxidizing gas containing either of 
ozone or oxygen radicals; and subjecting the 
5 semiconductor structure subjected to the oxidation 

process to at least either of a nitridation process or 
an additional oxidation process. 

The inventors of the present invention has found 
a fact as a result of studies. That is, when an 

10 insulating film containing nitrogen and silicon is 

oxidized in an atmosphere containing ozone or oxygen 
radicals, oxidation proceeds while desorption of 
nitrogen in the insulating film is being performed. 
Thus, the thickness is enlarged. 

15 FIG. 13 and 14 show an example of results of 

experiments. Samples for use in the experiments were 
manufactured as follows. A thermal oxide film 
(a silicon oxide film) having a thickness of 7 nm was 
formed on a silicon wafer. Then, the thermal oxide 

20 film was nitrided in 950°C ammonia atmosphere to form 

an insulating (a silicon oxinitride film) having 
the thermal oxide film into which nitrogen has been 
introduced . 

Then, the foregoing sample was used to perform two 
2 5 types of oxidation experiments. One of the experiments 

was performed such that the sample was introduced into 
a vertical batch oxidizing furnace. Then, oxygen gas 
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was introduced into the vertical batch oxidizing 
furnace to subject the sample to an oxidation process. 
The oxidation process was performed at 900°C for 
30 minutes under 13 kPa. Another experiment was 
5 performed such that the sample was introduced into the 

vertical batch oxidizing furnace. Then, mixed gas of 
ozone and oxygen (ozone was 5%) was introduced into the 
vertical batch oxidizing furnace so as to subject the 
O sample to the oxidation process. The oxidation process 

yl 10 was performed at 900°C, for 30 minutes under 130 Pa. 

v3 The samples subjected to the foregoing oxidation 

ijl processes were examined such that the concentration 

;s profile of nitrogen and that of oxygen in the silicon 

oxinitride film were SIMS-analyzed (the SIMS analysis 
%i 15 was performed after the oxidation process has been 

S| performed and a polycrystalline silicon film having 

a thickness of 10 nm was formed on the silicon 
oxinitride) . 

FIG . 13 shows results of SIMS analysis realized 
20 when oxygen gas was used to perform the oxidation 

process. FIG. 14 shows results of SIMS analysis 
realized when the mixed gas of ozone and oxygen was 
used to perform the oxidation process. 

As can be understood from the drawings, the 
25 oxidation process using ozone permits nitrogen in the 

surface of the silicon oxinitride film to easily be 
desorbed as compared with the oxidation process which 




does not use ozone. Thus, the thickness of the silicon 
oxinitride film can considerably be enlarged owing to 
proceeding of the oxidation. 

When nitrous oxide (N 2 0) or nitrogen monoxide (NO) 
is used to introduce nitrogen into the silicon oxide 
film instead of ammonia, the concentration of nitrogen 
in the silicon oxide film is raised at the interface 
with the silicon substrate. Also in the foregoing 
case, oxidation in an atmosphere containing ozone 
results in considerable reduction in the concentration 
of nitrogen in the silicon oxinitride film adjacent to 
the substrate. Thus, the thickness can considerably be 
enlarged owing to proceeding of the oxidation. 

Even when the sample incorporating silicon wafer 
having a surface on which silicon nitride film is 
formed instead of the silicon oxinitride film, 
oxidation in the atmosphere containing ozone results in 
considerable desorption of nitrogen in the surface 
portion of the silicon nitride film. As a result, 
oxidation processes in the surface of the silicon 
nitride film proceed. Thus, the surface of the silicon 
nitride film is converted into silicon oxide film. 

As a results of the experiments, the nitrogen 
desorption phenomenon in the silicon oxinitride film 
occurs in the foregoing oxidation method when the ratio 
[N]/([0] + [N]) of nitrogen in the film is higher than 
0% and not higher than 100%. 
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The foregoing phenomenon as well as occurs when 
oxidation is performed in an atmosphere containing 
oxygen radicals. 

The oxygen radicals may be generated in an 
5 oxidizing furnace similarly to the plasma oxidizing 

method or generated on the outside of the oxidizing 
furnace similarly to a remote plasma oxidizing method 
so as to be introduced into the oxidizing furnace. 
Alternatively, the oxygen radicals may be generated on 

10 the surface of the sample. Oxygen radicals are 

generated on the surface of the sample by a method with 
which oxygen gas and hydrogen gas are introduced into 
the oxidizing furnace. Then, the surface of the sample 
is heated to desociate the oxygen gas at the surface of 

15 the sample to generate the oxygen radicals. 

It has been reported that main species in the 
ozone oxidizing process are oxygen radicals generated 
due to desociation of ozone. Therefore, the similar 
phenomenon occurs with ozone oxidation and oxidation 

20 with oxygen radicals. 

Therefore, when oxidation is performed in the 
atmosphere containing ozone or oxygen radicals having 
the above-mentioned effect as the present invention, 
oxidation sufficiently proceeds at the edge of the 

25 conductive film in the structure having the conductive 

film containing patterned silicon and formed on 
the insulating film containing silicon and nitrogen. 
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As a result, the round shape which is effective 

to moderate the electric field can be formed. 

As a result, dielectric failure can effectively be 

prevented* 

5 Oxidation proceeds quickly in the surface 

(the second region) of the substrate below the portion 
of the insulating film which is not covered with 
the conductive film as compared with the surface 
(the first region) of the surface below a portion of 

10 the insulating film covered with the conductive film. 

Therefore, the second region is lowered as compared 
with the first region. 

Another object of the present invention is to 
provide a method of manufacturing a semiconductor 

15 device which is capable of forming a pattern composed 

of a silicon nitride film superior to the performance 
of the lithography such that only a small thermal 
budget is required and free from any plasma damage* 
To achieve the foregoing object, a method of 

2 0 manufacturing a semiconductor device according to 

the present invention comprises the steps of: forming 
an insulating film containing a silicon nitride film 
on a film including a silicon film and arranged to be 
processed; processing the insulating film by using 

2 5 lithography and etching to form a pattern composed 

of the insulating film; subjecting the pattern in 
an atmosphere containing either of oxygen radicals or 
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ozone to convert the exposed surface of the silicon 
nitride film into a silicon oxide film; fining the 
pattern by removing the silicon oxide film; and 
processing the film arranged to be processed by 
5 transferring the fined pattern to the film arranged to 

be processed* 

As a result of study performed by the inventors of 
the present invention, a process of oxidizing the 
silicon nitride film in the atmosphere containing 

10 oxygen radicals or ozone enables the surface of the 

silicon nitride film to easily be converted into the 
silicon oxide film at a temperature of 850°C or lower. 
When the conditions are adjusted, the conversion can be 
realized at 80 0°C or lower. 

15 FIG . 17 and 18 show examples of results of 

experiments 

FIG. 17 and 18 show microscopic photographs of a 
semiconductor structures including the silicon nitride 
film oxidized by the oxidizing method using dry oxygen 

20 (O2) as the oxidizing species and ozone (O3) as the 

oxidizing species. 

The semiconductor structure was formed as follows. 
That is, the silicon nitride film and a TEOS oxide film 
are sequentially formed on the silicon substrate. 

25 Then, the TEOS oxide film, the silicon nitride film and 

the silicon substrate were etched to form projections. 
Then, phosphoric acid was used to fine the TEOS oxide 
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film and the silicon nitride film so that the 
semiconductor structure was formed. In the drawing, 
the projections of the silicon substrate, the silicon 
nitride film and the TEOS oxide film are formed 
5 upwards . 

The oxidation method using dry oxygen (10%) as the 
oxidizing species was performed such that the oxidizing 
temperature was 1000°C and the oxidizing duration was 
69 minutes. In the foregoing case, the thickness of 

10 the silicon oxide film formed on the surface of the 

silicon substrate was 15 nra. The oxidizing method 
using ozone (partial pressure was 133.322 Pa = 1 Torr ) 
as the oxidizing species was performed such that the 
oxidizing temperature was 850°C and the oxidizing 

15 duration was 240 minutes. In the foregoing case, the 

thickness of the silicon oxide film formed on the 
surface of the silicon substrate was 11 nm. 

As can be understood from FIG. 17 and 18, the 
oxidizing method using dry oxygen cannot convert the 

20 surface layer of the silicon nitride film into the 

silicon oxide film. The oxidizing method using ozone 
can convert the surface layer of the silicon nitride 
film into the silicon oxide film. Also in a case where 
oxygen radicals are employed instead of the ozone, 

25 a similar result was obtained. 

Therefore, the present invention using the 
oxidizing atmosphere containing ozone or oxygen 
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radicals can convert the surface of the silicon nitride 
film into the silicon oxide film such that only a small 
thermal budget is required and any plasma damage does 
not occur. Therefore, when the silicon oxide film is 
5 removed, a pattern (a SiN pattern) composed of the 

silicon nitride film exceeding the performance of the 
lithography can be formed. 

When the SiN pattern is employed as the etching 
mask for the polycrystalline silicon film, the etching 

10 rate of the SiN pattern can sufficiently be lowered as 

that for the polycrystalline silicon film. Therefore, 
only a small thickness is required for the SiN pattern. 
As a result, dispersion of the shape of the SiN pattern 
can sufficiently be reduced. 

15 Additional objects and advantages of the invention 

will be set forth in the description which follows, and 
in part will be obvious from the description, or may be 
learned by practice of the invention. The objects and 
advantages of the invention may be realized and 

20 obtained by means of the instrumentalities and 

combinations particularly pointed out hereinafter. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
FIG- 1A to IF are cross sectional views showing 
steps of a method of manufacturing a MOS transistor 

2 5 according to a first embodiment of the present 

invention ; 

FIG. 2A to 2D are enlarged views showing a portion 



film and the silicon nitride film so that the 
semiconductor structure was formed. In the drawing, 
the projections of the silicon substrate, the silicon 
nitride film and the TEOS oxide film are formed 
upwards . 

The oxidation method using dry oxygen (10%) as the 
oxidizing species was performed such that the oxidizing 
temperature was 1000°C and the oxidizing duration was 
6 9 minutes. In the foregoing case, the thickness of 
the silicon oxide film formed on the surface of the 
silicon substrate was 15 nm. The oxidizing method 
using ozone (partial pressure was 133.322 Pa = 1 Torr) 
as the oxidizing species was performed such that the 
oxidizing temperature was 850°C and the oxidizing 
duration was 240 minutes. in the foregoing case, the 
thickness of the silicon oxide film formed on the 
surface of the silicon substrate was 11 nm. 

As can be understood from FIG. 17 and 18, the 
oxidizing method using dry oxygen cannot convert the 
surface layer of the silicon nitride film into the 
silicon oxide film. The oxidizing method using ozone 
can convert the surface layer of the silicon nitride 
film into the silicon oxide film. Also in a case where 
oxygen radicals are employed instead of the ozone, 
a similar result was obtained. 

Therefore, the present invention using the 
oxidizing atmosphere containing ozone or oxygen 
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radicals can convert the surface of the silicon nitride 
film into the silicon oxide film such that only a small 
thermal budget is required and any plasma damage does 
not occur. Therefore, when the silicon oxide film is 
removed, a pattern (a SiN pattern) composed of the 
silicon nitride film exceeding the performance of the 
lithography can be formed. 

When the SiN pattern is employed as the etching 
mask for the polycrystalline silicon film, the etching 
rate of the SiN pattern can sufficiently be lowered as 
that for the polycrystalline silicon film. Therefore, 
only a small thickness is required for the SiN pattern. 
As a result, dispersion of the shape of the SiN pattern 
can sufficiently be reduced. 

Additional objects and advantages of the invention 
will be set forth in the description which follows, and 
in part will be obvious from the description, or may be 
learned by practice of the invention. The objects and 
advantages of the invention may be realized and 
obtained by means of the instrumentalities and 
combinations particularly pointed out hereinafter. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

FIG. 1A to IF are cross sectional views showing 
steps of a method of manufacturing a MOS transistor 
according to a first embodiment of the present 
invention; 

FIG. 2A to 2D are enlarged views showing a portion 



- 17 - 

adjacent to the lower edge of a gate electrode of the 
MOS transistor; 

FIG. 3A to 3E are cross sectional views showing 
steps of a method of manufacturing a flash memory cell 
5 according to a second embodiment of the present 

invention; 

FIG. 4A and 4B are enlarged views showing a 
portion adjacent to the lower edge of a floating gate 
□ electrode of the flash memory cell; 

yr| 10 FIG. 5A to 5E are enlarged views showing a portion 

Cri 

; *g adjacent to the lower edge of the gate electrode formed 

m by a method of manufacturing a MOS transistor according 

to a third embodiment of the present invention and a 
2 modification thereof; 

:r\ 15 FIG. 6 A to 6H are cross sectional views showing 

y steps of a method of manufacturing a MOS transistor 

according to a fourth embodiment of the present 

invention; 

FIG. 7A to 7E are cross sectional views showing 
2 0 steps of a method of manufacturing a MOS transistor 

according to a fifth embodiment of the present 
invention; 

FIG. 8A to 8G are cross sectional views showing 
steps of a method of manufacturing a MOS transistor 
25 according to a sixth embodiment of the present 

invention; 

FIG. 9A to 9G are cross sectional views showing 
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steps of a method of manufacturing a nonvolatile memory 
cell according to a seventh embodiment of the present 
invention; 

FIG . 10A to 1033 are cross sectional views showing 
a conventional post oxidation process; 

FIG- 11A and 11B are cross sectional views showing 
another conventional post oxidation process; 

FIG. 12A to 12D are cross sectional views showing 
steps of a conventional method of forming a small-size 
MOS transistor exceeding the performance of the 
lithography; 

FIG. 13 is a graph showing a concentration profile 
of each of silicon, oxygen and nitrogen of a silicon 
oxinitride film oxidized in an oxygen atmosphere; 

FIG. 14 is a graph showing a concentration profile 
of each of silicon, oxygen and nitrogen of a silicon 
oxinitride film oxidized in a mixed gas atmosphere of 
ozone/oxygen; 

FIG. 15A to 15C are enlarged views showing a 
device structure (no overetching of the substrate) 
obtained by conventional post oxidation performed in an 
oxygen gas atmosphere; 

FIG. 16A to 16C are enlarged views showing a 
device structure (overetching of the substrate has 
occurred) obtained by conventional post oxidation 
performed in an oxygen gas atmosphere; 

FIG. 17 is a microscopic photograph of 
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a semiconductor structure containing silicon nitride 
film oxidized by the conventional oxidizing method; and 

FIG. 18 is a microscopic photograph of a 
semiconductor structure containing silicon nitride film 
5 oxidized by the oxidizing method according to the 

present invention . 

The accompanying drawings , which are incorporated 
in and constitute a part of the specification, 
illustrate presently preferred embodiments of the 

10 invention, and together with the general description 

given above and the detailed description of the 
preferred embodiments given below, serve to explain the 
principles of the invention, 

DETAILED DESCRIPTION OF THE INVENTION 

15 Problems detected by the inventors of the present 

invention which are motivation of the present invention 
will now be described prior to describing embodiments 
of the present invention. The foregoing problem arises 
when silicon oxinitride film or silicon nitride film is 

2 0 employed instead of the silicon oxide film 92 shown in 

FIG. 10A and 10B. 

FIG. 15A to 15C show the difference in the shape 
of the silicon oxide film (silicon oxinitride film) 95 
containing nitrogen which is realized after post 

25 oxidation owing to the concentration profile of 

nitrogen. A diagonal portion shown in the drawing 
shows a high concentration region of nitrogen. 
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The silicon oxinitride film 95 present below 
a polycrystalline silicon film 93 prevents supply of 
an oxidizer to the lower edge of the polycrystalline 
silicon film 93. Therefore, the lower edge of the 
5 polycrystalline silicon film 93 owing to the post 

oxidation becomes insufficient. 

When the concentration of nitrogen in the silicon 
oxinitride film 95 is high, and in particular when the 
concentration of nitrogen in the silicon oxinitride 

10 film 95 adjacent to the polycrystalline silicon film 93 

is high, oxidation of the lower edge of the 
polycrystalline silicon film 93 does not proceed. 
Therefore, the lower edge of the polycrystalline 
silicon film 9 3 is undesirably sharpened as compared 

15 with the shape realized before the post oxidation (see 

FIG. 15B and 15C) . 

The foregoing problem becomes critical when the 
concentration of nitrogen in the silicon oxinitride 
film 95 is 5 X 10l3 c -2 m or higher in the interface with 

20 the polycrystalline silicon film 93 or the ratio of 

nitrogen [N]/([0] + [N] ) in the silicon oxinitride film 
95 adjacent to the polycrystalline silicon film 93 is 
1% or higher. 

The silicon oxinitride film 95 present on the 

25 silicon substrate 91 prevents supply of the oxidizer to 

the surface of the silicon substrate 91. Therefore, 
bird ' s beak oxidation owing to the post oxidation 



becomes insufficient. 

When the concentration of nitrogen in the silicon 
oxinitride film 95 is high, and in particular when the 
concentration of nitrogen in the silicon oxinitride 
film 95 adjacent to the silicon substrate 91 is high, 
the bird's beak oxidation does not proceed. Therefore, 
the distance between the lower edge of the 
polycrystalline silicon film 93 and the silicon 
substrate 91 cannot be elongated (FIG. 15A to 15C). 

The foregoing problem becomes critical when the 
concentration of nitrogen in the silicon oxinitride 
film 95 is 5 x 10 13 c~ 2 m or higher in the interface with 
the silicon substrate 93 or the ratio of nitrogen 
[N]/([0] + [N ] ) in the silicon oxinitride film 95 
adjacent to the silicon substrate 9 3 is 1% or higher • 

When nitrogen is contained in the surface portion 
of the silicon oxinitride film 95 exposed after the 
polycrystalline silicon film 93 has been processed, 
supply of the oxidizer into the silicon oxinitride film 
95 is prevented. Therefore, improvement in the quality 
of the film owing to recovery of the process damage 
becomes insufficient {FIG. 15B and 15C). 

The foregoing problem also arises with an 
overetching structure as shown in FIG. 10A to IOC. 
(First Embodiment) 

FIG. 1A to IF are cross sectional view showing 
steps of a method of manufacturing a MOS transistor 
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according to a first embodiment of the present 
invention. 

As shown in FIG. 1A, a silicon oxide film 
(not shown) having a thickness of 3 nm is, by a thermal 
5 oxidation method, formed on a flattened surface of the 

silicon substrate 1. Then, a thermal process is 
performed in an atmosphere of nitrogen monoxide (NO), 
Thus, nitrogen is introduced into the portion of the 
□ silicon oxide film adjacent to the interface with the 

yfl 10 substrate by 5 x 10 14 cm"" 2 . Thus, a silicon oxinitride 

; J3 film 2 serving as the gate insulating film is formed. 

ij| Then, as shown in FIG. IB, an LPCVD method using 

monosilane as a source is performed to form an undoped 
5 polycrystalline silicon film having a thickness of 

;/t 15 150 nm on the silicon oxinitride film 2. Then, 

boron (B) ions serving as a dopant are introduced 
into the undoped polycrystalline silicon film. Thus, 
a low-resistance polycrystalline silicon film 3 which 
is formed into the gate electrode is formed. 
2 0 The introduction of the dopant may be performed by 

the thermal diffusion method. As the dopant, a donor, 
such as phosphorous (P) or arsenic (As) may be 
employed. Reference numeral 2' shown in the drawing is 
given to describe a third embodiment with reference to 
25 FIG. 1. Therefore, the foregoing reference numeral 

does not concern this embodiment. The introduction of 
the dopant may be performed simultaneously with the 
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film forming step or after the post oxidation (after 
the polycrystalline silicon film 3 has been formed). 

Then, as shown in FIG. 1C, a photoresist is 
applied to the surface of the polycrystalline silicon 
5 film 3, and then a photo-engraving method is employed 

to perform patterning. Thus, a resist pattern 4 for 
forming a gate electrode is formed. 

Then, as shown in FIG. ID, the resist pattern 4 is 
used as a mask to pattern the polycrystalline silicon 

10 film 3 by performing dry etching so that the gate 

electrode 3 is formed. Then, an ashing method is 
employed to remove the resist pattern 4. Then, the 
silicon substrate 1 is introduced into a vertical batch 
oxidizing furnace . 

15 Then, while introducing mixed gas of ozone and 

oxygen (ozone was 5%) into the vertical batch oxidizing 
furnace, heat treatment is performed at 9 0 0°C, for 
10 minutes at 130 Pa. Thus, the surface (the side and 
upper surfaces) of the gate electrode 3 and the exposed 

20 surface of the silicon oxinitride film (the gate 

insulating film) 2 are oxidized so that a post 
oxidation film 5 is formed as shown in FIG. IE. 
The foregoing oxidation is performed with oxygen 
radicals which are generated due to the reaction 

25 between ozone and oxygen. 

The thickness of the post oxidation film 5 is 
about 5 nm at the side wall of the gate electrode 3. 
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To improve the desociation efficiency of nitrogen in 
the silicon oxinitride film 2, to enlarge the radius of 
curvature of the lower edge of the gate electrode 3 and 
permit quick recovery of the defect of the silicon 
5 oxinitride film 2, it is preferable that the oxidizing 

temperature in the post oxidation step is a high 
temperature not lower than 900°C. 

It is preferable that the oxidizing pressure is 
3 a low pressure not higher than 1 kPa to prevent 

n 10 deactivation of ozone in the atmosphere. The post 

tit 

ji oxidation step may be performed after the source/drain 

p region 6 has been formed next. 

Finally, as shown in FIG . IF, the gate electrode 3 

rg 

p is used as a mask to introduce the dopant ions into the 

;J1 15 surface of the substrate. Then, a lamp annealing 

^ method is employed to activate the dopant so that the 

source/drain region 6 is formed in a self-alignment 
manner. Then, a conventional method is employed to 
form an interlayer insulating film and metal wirings 
2 0 (not shown) so that the MOS transistor is manufactured. 

FIG. 2A is an enlarged view showing a portion 
adjacent to the lower edge of the gate electrode 3 
formed by the method according to this embodiment. 
A diagonal portion in the drawing indicates a region in 
25 which the concentration of nitrogen is high. When the 

concentration of nitrogen in the silicon oxinitride 
film 2 is not lower than 5 x 10 ^ cm"^ a t a position 
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adjacent to the interface with the silicon substrate 1, 
post oxidation which is performed in the oxygen gas 
atmosphere (the conventional technique) results in 
a shape shown in FIG. 15A being undesirably formed. 
5 On the other hand, the present invention is arranged to 

perform the post oxidation in the atmosphere containing 
ozone. Therefore, nitrogen adjacent to the lower edge 
of the gate electrode 3 and in the silicon oxinitride 
film 2 in the region from which the gate electrode has 

10 been removed is dissociated. Thus, the bird's beak is 

formed considerably owing to the proceeding of the 
oxidation of the silicon substrate 1. 

As a result, the shape of the lower edge of 
the gate electrode 3 can sufficiently be rounded. 

15 Moreover, the distance from the lower edge of the 

gate electrode 3 to the source/drain region 6 can be 
elongated. Thus, the electric field at the lower edge 
of the gate electrode 3 and the source/drain region 6 
can be moderated. As a result, insulation resistance 

2 0 of the device can be improved. 

In the step shown in FIG. IE, the heat treatment 
is performed in the ozone atmosphere to perform the 
post oxidation. A similar effect can be obtained when 
the heat treatment is performed in an oxygen radicals 

25 atmosphere. When the thickness of the post oxidation 

film obtained by performing the post oxidation by using 
ozone or the oxygen radicals is insufficiently small, 
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usual oxidation is additionally performed after the 
post oxidation. Thus, a post oxidation film 5 having 
a required thickness can be formed, as shown in 
FIG. 2B. 

5 The desociation of nitrogen in the silicon 

oxinitride film (the gate insulating film) 2 adjacent 
to the lower edge of the gate electrode 3 owing to 
the oxidation using ozone or the oxygen radicals is 
sometimes undesirable. That is, sometimes, there is 

10 apprehension that the durability of the carrier 

deteriorates owing to the desociation of nitrogen, that 
the resistance against high electric field stress 
deteriorates or that performance for preventing 
dispersion of dopant such as boron deteriorates. 

15 In the foregoing case, a usual nitrogen introducing 

process is added which is, for example, heat treatment 
which is performed in a nitrogen gas atmosphere such as 
nitrogen monoxide after the post oxidation. Thus, 
nitrogen can be introduced into the silicon oxinitride 

20 film (the gate insulating film) 2 adjacent to the lower 

edge of the gate electrode 3, as shown in FIG . 2C. 

FIG. 2D is an enlarged view of a portion adjacent 
to the lower edge of the gate electrode 3 in a case 
where the etching reaches the silicon oxinitride film 2 

25 when the polycrystalline silicon film 3 is patterned 

in the step shown in FIG. ID. In the drawing, 
a diagonal-line portion indicates a region in which 
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the concentration of nitrogen is high. As compared 
with a case shown in FIG. ISA in which the post 
oxidation is performed in the oxygen gas atmosphere 
(the conventional technique), the present invention 
arranged to perform the post oxidation in the 
atmosphere containing ozone causes nitrogen in the 
portion in the silicon substrate 1 adjacent to the 
upper edge of the silicon substrate 1 to be desociated. 
Thus, the post oxidation sufficiently proceeds. 
Therefore, the shape of the upper edge of the silicon 
substrate 1 can sufficiently be rounded. As a result, 
the electric field at the lower edge of the gate 
electrode 3 and that in the source/drain region 6 are 
moderated. Hence it follows that the resistance of the 
device against insulation can be improved. 

In the step shown in FIG. 1A, the thermal oxide 
film (not shown) is subjected to the heat treatment in 
the nitrogen monoxide atmosphere to form the silicon 
oxinitride film 2. In a case where the heat treatment 
is performed in the nitrous oxide (N2O), that is, in 
a case where nitrogen in the silicon oxinitride film 
forms a high-concentration layer at the interface with 
the substrate, a similar effect can be obtained. 

In a case where the thermal oxide film is 
subjected to heat treatment which is performed in 
an ammonia (NH3) atmosphere, nitrogen in the silicon 
oxinitride film forms a high-concentration layer at the 
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interface with the substrate and that with the gate 
electrode. Also in the foregoing case, a similar 
effect can be obtained. 
( Second Embodiment ) 
5 FIG. 3A to 3E are cross sectional views showing 

steps of a method of manufacturing a flash memory cell 
according to a second embodiment of the present 
invention. 

As shown in FIG. 3A, a silicon oxide film (not 

10 shown) having a thickness of 8 nm is formed on the 

flattened surface of a silicon substrate 11 by a 
thermal oxidation method. Then, heat treatment is 
performed in an ammonia atmosphere so that a region in 
which the concentration of nitrogen is high is formed 

15 on each of the reverse side (interface with the 

substrate) and the obverse side such that the peak 
value of the nitrogen composition ratio [N]/([0] + [ N ] ) 
is about 10%. Thus, a silicon nitride film 12 serving 
as a tunnel insulating film is formed. A fact has been 

2 0 confirmed that also the peak value of the nitrogen 

composition ratio [N]/([0] + [N] ) on the reverse side 
(the interface with the substrate) and the obverse side 
of the silicon oxinitride film 12 is about 10%. 

Then, as shown in FIG. 3B, an LPCVD method using 

25 monosilane and phosphine as the sources is performed so 

that a low-resistance polycrystalline silicon film 13 
which is formed into a floating gate electrode, to 
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which phosphorous has been doped and which has a 
thickness of 150 nm is formed on the silicon oxinitride 
film 12. The introduction of the dopant may be 
performed by using the thermal diffusion method. 
5 A dopant except for phosphorous may be employed. 

The introduction of the dopant may be performed after 
the film has been formed. 

Then, as shown in FIG. 3B, an insulating film 14 
between electrodes and a conductive film (for example , 

10 a polycrystalline silicon film containing the dopant) 

15 which is formed into a control gate electrode are 
sequentially formed on the polycrystalline silicon film 
13 by a conventional method. 

Then f a resist pattern (not shown) is used as a 

15 mask to pattern the conductive film 15, the insulating 

film 14 between electrodes and the polycrystalline 
silicon film 13 by performing dry etching, as shown in 
FIG . 3C. Then, an ashing method is employed to remove 
the resist pattern. 

20 Then, the silicon substrate is introduced into 

a remote plasma oxidizing furnace, and then heat 
treatment is performed at 900°C, for 10 minutes at 
130 Pa while introducing oxygen radicals into the 
furnace. Thus, as shown in FIG. 3D, the side wall 

25 surface of the polycrystalline silicon film (the 

floating gate electrode) 13 and the exposed surface of 
the silicon oxinitride film (the tunnel insulating 
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film) 12 are oxidized so that a post oxidation film 16 
is formed. The post oxidation may be performed after 
a source/drain region 17 has been next formed* 

The thickness of the post oxidation film 16 
5 is about 10 nm at the side wall portion of the 

polycrystalline silicon film (the floating gate 
electrode) 13. To improve the desociation efficiency 
of nitrogen in the silicon oxinitride film (the tunnel 
insulating film) 12, to enlarge the radius of curvature 

10 of the lower edge of the floating gate electrode 13 and 

permit quick recovery of the defect of the tunnel 
insulating film 12, it is preferable that the oxidizing 
temperature in the post oxidation step is a high 
temperature not lower than 900°C. 

15 In a case where the control gate electrode 15 

is not a doped silicon film (a low-resistance 
semiconductor film) and it is a conductive film such as 
a metal film or a metal silicide film, oxidation of the 
control gate electrode 15 is not required. In the 

2 0 foregoing case, it is preferable that the post 

oxidation is performed after the exposed surface of the 
conductive film is covered with a film, such as a 
silicon nitride film having a barrier characteristic 
against the oxidizer. 

25 Then, as shown in FIG. 3E, the control gate 

electrode 15 is used as a mask to introduce the dopant 
ions into the surface of the substrate. Then, a lamp 



annealing method is employed to activate the dopant. 

Thus, the source/drain region 17 is formed in 

a self -aligning manner. Then, a conventional method is 

performed to form an interlayer insulating film and 

metal wirings (not shown). Thus, the M0S transistor is 

manufactured. 

FIG. 4A is an enlarged view showing a portion 
adjacent to the lower edge of the floating gate 
electrode 13. In the drawing, a diagonal-line portion 
indicates a region in which the concentration of 
nitrogen is high. 

When the nitrogen composition ratio [N]/([0] + 
[N ] ) in the silicon oxinitride film 12 adjacent to the 
floating gate electrode 13 and the silicon substrate 11 
is 1% or higher, post oxidation which is performed in 
the oxygen gas atmosphere (the conventional method) 
undesirably results in a shape as shown in FIG. 15B. 
On the other hand, the present invention arranged such 
that the post oxidation is performed in the atmosphere 
containing the oxygen radicals causes nitrogen in the 
silicon oxinitride film 12 adjacent to the lower edge 
of the floating gate electrode 13 and a region in which 
the floating gate electrode has been removed to be 
desociated. As a result, the oxidation at the lower 
edge of the floating gate electrode 13 and the silicon 
substrate 11 proceeds considerably. 

As a result, enlargement of the curvature of 
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the lower edge of the floating gate electrode 13 and 
proceeding of the bird's beak oxidation of the silicon 
substrate 11 moderate the electric field at the lower 
edge of the floating gate electrode 13 and that in 
5 the source/drain region 17, Moreover, the process 

damage in the silicon oxinitride film 12 adjacent to 
the lower edge of the floating gate electrode 13 can be 
recovered. Thus, the resistance against insulation can 
be improved. 

10 In the step shown in FIG. 3D, the post oxidation 

is performed by carrying out the heat treatment in the 
oxygen radical atmosphere. A similar effect can be 
obtained from heat treatment which is performed in 
ozone atmosphere. When the thickness of the post 

15 oxidation film obtained by the post oxidation using 

ozone or the oxygen radicals is insufficiently small, 
usual oxidation may be added after the post oxidation 
has been performed. 

When desociation of nitrogen in the silicon 

20 oxinitride film (the tunnel insulating film) 12 

adjacent to the lower edge of the floating gate 
electrode 13 owing to the post oxidation using ozone or 
the oxygen radicals is not required, a usual nitrogen 
introducing process, such as heat treatment in a 

25 nitriding gas atmosphere, such as nitrogen monoxide, 

may be added after the post oxidation to introduce 
nitrogen. 



10 
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FIG. 4B is an enlarged view showing a portion 
adjacent to the lower edge of the floating gate 
electrode 13 in a case where etching reach the silicon 
substrate 11 when the polycrystalline silicon film 13 
is patterned in the step shown in FIG . 3C. In the 
drawing, a diagonal-line portion indicates a region in 
which the concentration of nitrogen is high. 

As compared with a case shown in FIG. 16B in which 
the post oxidation is performed in the oxygen gas 
atmosphere (the conventional technique), the present 
invention is arranged to perform the oxidation in the 
atmosphere containing the oxygen radicals. Therefore, 
nitrogen in the silicon oxinitride film (the tunnel 
insulating film) 12 adjacent to the interface with the 
15 substrate and the obverse side is desociated. Thus, 

oxidation sufficiently proceeds. As a result, the 
lower edge of the floating gate electrode 13 and the 
upper edge of the silicon substrate 11 are considerably 
rounded. 

2 0 As a result, the electric field at the lower edge 

of the floating gate electrode 13 and that in the 
source/drain region 17 are moderated sufficiently. 
Moreover, the process damage in a portion adjacent 
to the reverse side (adjacent to the interface with 

25 the substrate) and the obverse side can be restored. 

As a result, resistance against insulation can be 
improved. Also in a case where a silicon nitride film 
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is employed as the tunnel insulating film, a similar 
effect can be obtained* 
(Third Embodiment) 

A method of manufacturing a MOS transistor 
5 according to the third embodiment will now be 

described. In this embodiment, a silicon nitride film 
is employed as the gate insulating film. Since cross 
sectional views showing steps of the manufacturing 
method according to this embodiment are the same as 

10 those according to the first embodiment, description 

will now be made with reference to FIG. 1A to IF. 

As shown in FIG. 1A, a silicon nitride film 2' 
serving as a gate insulating film and having a 
thickness of 3 nm is formed on the flattened surface of 

15 a silicon substrate 1 by an LPCVD method using 

monosilane and ammonia as sources. 

Then, an LPCVD using monosilane as a source is 
employed to form an undoped polycrystalline silicon 
film having a thickness of 150 nm on the silicon 

20 nitride film 2'. Then, boron (B) ions are, as the 

dopant, implanted into the undoped polycrystalline 
silicon film. Thus, as shown in FIG* IB, a low- 
resistance polycrystalline silicon film 3 which is 
formed into a gate electrode is formed. 

25 The introduction of the dopant may be performed 

by the thermal diffusion method. The dopant may be 
a donor, such as phosphorous (P) or arsenic (As). 



The introduction of the dopant may be performed 
simultaneously with the film formation or after 
the post oxidation (after the polycrystalline silicon 
film 3 has been processed) . 

Then, as shown in FIG. 1C, a photoresist is 
applied to the surface of the polycrystalline silicon 
film 3. Then, photograving method is employed to 
perform patterning so that a resist pattern 4 for 
forming a gate electrode is formed. 

Then as shown in FIG. ID, the resist pattern 4 is 
used as a mask to pattern the polycrystalline silicon 
film 3 by performing dry etching so that the gate 
electrode is formed. Then, an ashing method is 
employed to remove the resist pattern 4. 

Then, the silicon substrate 1 is introduced into 
a lamp heating system oxidizing furnace. Then, while 
introducing mixed gas of oxygen and hydrogen (oxygen is 
50%) into the furnace, heat treatment is performed at 
900°C, for 10 seconds at 650 Pa. Thus, as shown in 
FIG. IE, the surface (the side surfaces and the upper 
surface) of the gate electrode 3 and the exposed 
surface of the silicon nitride film (the gate 
insulating film) 2' are oxidized so that a post 
oxidation film 5 is formed. The foregoing oxidation is 
performed by using oxygen radicals generated due to 
reactions of oxygen and hydrogen. 

The thickness of the post oxidation film 5 is 4 nm 



on the silicon substrate 1 and about 5 nm on the side 
wall of the gate electrode 3. It is preferable that 
the oxidizing temperature in the post oxidation step is 
a high temperature not lower than 900°C to improve the 
desociating efficiency of nitrogen in the silicon 
oxinitride film 2, enlarge the radius of curvature of 
the lower edge of the gate electrode 3 and quickly 
recover the defect of the silicon nitride film 2 ' . 

It is preferable that the oxidizing pressure is a 
low pressure of 1 kPa or lower to prevent deactivation 
of ozone in the atmosphere owing to the reactions 
between oxygen and hydrogen. Note that the post 
oxidation may be performed after the source/drain 
region 6 has been formed. 

Finally, as shown in FIG. IF, the gate electrode 3 
is used as a mask to introduce the dopant ions into the 
surface of the substrate. Then, a lamp annealing 
method is employed to activate the dopant so that the 
source/drain region 6 is formed in a self-aligning 
manner. Then, a conventional method is employed to 
form an interlayer insulating film and metal wirings 
(not shown) so that the MOS transistor is manufactured. 

FIG. 5A is an enlarged view showing a portion 
adjacent to the lower edge of the gate electrode 3 
formed by the method according to this embodiment, 
in the drawing, a diagonal-line portion shows a region 
in which the concentration of nitrogen is high. In the 



present invention, the post oxidation is performed in 
the atmosphere containing the oxygen radicals. 
Therefore, nitrogen is desociated in a portion adjacent 
to the lower edge of the gate electrode 3 and that 
in the region from which gate electrode has been 
removed in the gate insulating film (the silicon 
nitride film) 2. As a result, the oxidation reaction 
proceeds so that conversion to the silicon oxide film 
is performed. 

Then, oxidation of the gate insulating film 
(the silicon nitride film) 2' is continued so that 
the finished shape of the lower portion of the gate 
electrode 3 is such that the bird's beaks are formed 
considerably as compared with the shape (the shape 
shown in FIG. 15C) formed in the case where the post 
oxidation has been performed in the oxygen gas 
atmosphere . 

As a result, the shape of the lower edge of 
the gate electrode 3 can sufficiently be rounded. 
Moreover, the distance from the lower edge of the gate 
electrode 3 to the source/drain region 6 can be 
elongated. Hence it follows that the electric field at 
the lower edge of the gate electrode 3 and that in the 
source/drain region 6 can be moderated. As a result, 
the resistance of the device against insulation can be 
improved . 

In the step shown in FIG. IE, the oxygen radicals 
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for use in the post oxidation step is generated due to 
the reactions between oxygen and hydrogen. Another 
generating method may be employed. When the heat 
treatment is performed in an ozone atmosphere, 
5 a similar effect can be obtained. When the thickness 

of the post oxidation film obtained due to the post 
oxidation step using ozone or the oxygen radicals is 
insufficiently small, a usual oxidation may be added 
after the post oxidation step. Thus, a post oxidation 

10 film 5 having a required thickness can be obtained, as 

shown in FIG. 5B. 

when desociation of nitrogen in the silicon 
nitride film (the gate insulating film) 2' adjacent to 
the lower edge of the gate electrode 3 owing to the 

15 post oxidation is not required, a usual nitrogen 

introduction process, such as heat treatment in 
a nitriding gas atmosphere, such as nitrogen monoxide, 
is added to be performed after the post oxidation. 
Thus, nitrogen can be introduced into the silicon 

20 nitride film (the gate insulating film) 2' adjacent to 

the lower edge of the gate electrode 3. 

FIG. 5D is an enlarged view showing a portion 
adjacent to the lower edge of the gate electrode 3 in 
a case where etching reaches the silicon substrate 1 

25 when the polycrystalline silicon film 3 is patterned 

in the step shown in FIG. ID. In the drawing, 
a diagonal- line portion indicates a region in which the 
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concentration of nitrogen is high. 

As compared with the conventional technique with 
which the post oxidation (FIG, 16C) is performed in 
the oxygen gas atmosphere, the present invention 
5 is arranged to perform the post oxidation in the 

atmosphere containing the oxygen radicals. Therefore, 
nitrogen in the silicon nitride film (the gate 
insulating film) 2 1 is desociated. Thus, oxidation 
sufficiently proceeds. Therefore, the upper edge of 

10 the silicon substrate 1 and the lower edge of the gate 

electrode 3 are sufficiently rounded. As a result, the 
electric field at the lower edge of the gate electrode 
3 and that in the source/drain region 6 can be 
moderated. Thus, the resistance of the device against 

15 insulation can be improved. 

In this embodiment, the silicon nitride film (the 
gate insulating film) 2 ' exposed owing to dry etching 
is completely oxidized. Then, oxidation is continued. 
When only the surface of the exposed portion of the 

20 silicon nitride film (the gate insulating film) 2' is 

converted into the oxide film as shown in FIG* 5E, 
a similar effect can be obtained. 

As compared with the conventional technique with 
which the post oxidation is performed in the oxygen gas 

25 atmosphere (FIG. 15C), the present invention enables 

the shape of the lower edge of the gate electrode 3 to 
sufficiently be rounded as the oxidation proceeds. 
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Thus, the electric field at the lower edge of the gate 
electrode 3 and that in the source/drain region 6 can 
be relaxed. As a result, the resistance of the device 
against insulation can be improved. 
5 The silicon nitride film (the gate insulating 

film) 2' according to this embodiment is formed by the 
LPCVD method using monosilane and ammonia as the 
sources. Another method may be employed which is, for 
example, a plasma nitriding method or a JVD (Jet Vapor 

10 Deposition) method to obtain a similar effect. Another 

element except for silicon and nitrogen may be 
contained in the silicon nitride film (the gate 
insulating film) 2'. When a film mainly composed of 
silicon and nitrogen is used, a similar effect can be 

15 obtained. 

(Fourth Embodiment) 

FIG. 6A to 6H are cross sectional views showing 
steps of a method of manufacturing a MOS transistor 
according to a fourth embodiment of the present 

2 0 invention. In this embodiment, a method of 

manufacturing a MOS transistor having a small size 
exceeding the performance of lithography will now be 
described. 

As shown in FIG. 6A, a silicon oxinitride film 22 
25 serving as a gate insulating film and having a 

thickness of 5 nm is, by a conventional thermal 
oxidation/thermal nitriding method, formed on the 
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surface of the silicon substrate 21 to which channel 
doping has been performed to control the threshold 
value of the MOS transistor. The channel doping step 
is performed by introducing boron ions as the dopant to 
5 the surface of the substrate by the ion implanting 

method under condition of 50 keV and 3 x 10 19 cm" 2 . 
Then, annealing for activating the dopant is performed 
at 10 50°C for 20 seconds. 

Then, as shown in FIG. 6A, a polycrystalline 

10 silicon film 23 serving as the gate electrode and 

having a thickness of 150 nm is deposited on the 
silicon oxinitride film 22 by a CVD method. Then, a 
silicon nitride film having a thickness of 100 nm and 
serving as a SiN pattern 24 which is used as a mask 

15 when the polycrystalline silicon film 23 is etched is 

deposited on the polycrystalline silicon film 23 by the 
CVD method. 

Then, as shown in FIG. 6A, the lithography 
technique is used to form a gate resist pattern (not 

20 shown) having a minimum width (100 nm) on the silicon 

nitride film so as to be used as a mask to etch the 
silicon nitride film by a RIE method. Thus, the SiN 
pattern 24 is formed. 

Then, the gate resist pattern is removed, and then 

25 the silicon substrate 21 is introduced into a vertical 

batch oxidizing furnace. While introducing mixed gas 
of ozone and oxygen (ozone is 10%) into the furnace, 



an oxidation process is performed at 850°C for 2 hours 
at 100 Pa. Thus, as shown in FIG* 6B, a silicon oxide 
film 25 having a thickness of 10 nm is formed on the 
exposed surface of the SiN pattern 24. At this time, 
the silicon oxide film 25 is as well as formed on the 
exposed surface of the polycrystalline silicon film 23. 

The oxidizing reaction of the silicon nitride 
film proceeds while nitrogen in the film is being 
desociated. Therefore, the position of the surface of 
the SiN pattern 24 and that of the silicon oxide film 
25 are substantially the same. As a result, the width 
of the SiN pattern 24 is 80 nm in the upper portion. 
As a result, the SiN pattern 24 having a small size 
exceeding the performance of the lithography can be 
obtained. Note that the lower portion of the SiN 
pattern 24 encounters reduction in the oxidizing rate 
due to insufficient supply of the oxidizer. Therefore, 
the width of the lower portion of the SiN pattern 2 4 is 
85 nm* 

Then, as shown in FIG. 6C, the silicon oxide film 
25 is removed by diluted hydrofluoric acid solution. 
Then, the SiN pattern 24 is used as a mask to etch the 
polycrystalline silicon film 23 by the RIE method. 
Thus, a gate electrode 23 having a width of 85 nm 
is formed. Then, the SiN pattern 2 4 is removed by 
phosphoric acid solution. At this time, also 
the exposed portion of the silicon oxinitride film 



(the gate insulating film) 22 is removed. 

Then, as shown in FIG. 6D, thermal oxidation is 
performed at 850°C to form a post oxidation film 26 
having a thickness of 5 nm on the silicon substrate 21, 
the silicon oxinitride film 22 and the exposed surface 
of the gate electrode 23. 

Then, as shown in FIG. 6D, the gate electrode 23 
is used as a mask to introduce arsenic ions serving as 
the dopant into the surface of the substrate through 
the post oxidation film 26 by the ion implanting method 
at 10 keV and 5 x 10 14 cm~2. Then, annealing is 
performed to activate the dopant at, for example, 800°C 
for 10 seconds. Thus, an extension region (a shallow 
diffusion region in which the concentration of 
impurities is low) 27 is formed in a self -aligning 
manner. In this embodiment, introduction of the dopant 
is performed after the polycrystalline silicon film 23 
has been processed. The introduction may be performed 
simultaneously with the film formation or before the 
polycrystalline silicon film 23 is processed. 

Then, as shown in FIG. 6E, a silicon nitride film 
having a thickness of 50 nm and serving as a side wall 
spacer 2 8 is deposited on the overall surface by the 
CVD method. Then, the silicon nitride film is etched 
by the conventional etch back RIE method. Then, the 
side wall spacer 28 is formed on the side wall of the 
gate electrode portion. The thickness of the finished 
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side wall spacer 28 is about 50 nm. 

Then, as shown in FIG. 6E, the ion implanting 
method is performed at 60 keV and 5 X 10 15 cm" 2 so that 
arsenic ions serving as the dopant are introduced into 
5 the surface of the substrate and the gate electrode 23. 

Then, annealing is performed to activate the dopant at 
1000°C for 10 seconds. Thus, the resistance of the gate 
electrode 23 is lowered. Moreover, a source/drain 
region (a deep diffusion region in which the 
\n 10 concentration of impurities is high) 2 9 is formed. 

Then, as shown in FIG. 6F, the exposed post 
oxidation film 2 6 is removed by using diluted 
hydrofluoric acid solution. Then, a cobalt film 30 
having a thickness of 10 nm is formed on the overall 
15 surface by a sputtering method. 

Then, as shown in FIG. 6G, annealing is 
sequentially performed at 500°C for 6 0 seconds 
and at 770°C for 30 seconds (two-step annealing). 
Thus, a cobalt silicide film 31 is formed on the upper 
20 surface of the gate electrode 23 and the source/drain 

region 29. Then, a non-reacted portion of the cobalt 
film 30 is removed. 

Then, a conventional technique is employed to form 
an interlayer insulating film and electric wirings. 
25 Thus, a small-size MOS transistor having a gate 

electrode width of 85 nm is manufactured. 

In this embodiment, the SiN pattern 24 composed of 



the silicon nitride film which permits an etching 
selection ratio with respect to the polycrystalline 
silicon film 2 3 is employed as the mask when the 
polycrystalline silicon film 23 is etched. Therefore, 
the aspect ratio of the SiN pattern 24 is not raised. 
Hence it follows that dispersion of the finished shape 
of the gate electrode 23 can considerably be prevented. 
Moreover, the problem of falling of the SiN pattern 24 
can be prevented. 

Since the oxidation of the SiN pattern 24 is 
performed in the ozone atmosphere, the thermal budget 
can considerably be reduced. As a result, the problem 
of change in the concentration profile of boron in the 
silicon substrate 21 can be prevented. 

As distinct from the plasma oxidation, the 
oxidation in the ozone atmosphere enables the silicon 
oxinitride film (the gate oxinitride film) 22 to be 
free from any plasma damage. Therefore, deterioration 
in the reliability of the silicon oxinitride film 22 
and change in the characteristics of the MOS transistor 
can be prevented. 

The foregoing effects can be obtained also in 
a case where the oxidation is performed in the oxygen 
radical atmosphere as well as the oxidation in the 
ozone atmosphere. When change in the characteristics 
of the MOS transistor owing to the plasma damage is 
permitted, the plasma oxidation method in the oxygen or 
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ozone atmosphere may simultaneously be employed. 
(Fifth Embodiment) 

The manufacturing method according to the fourth 
embodiment has the step for oxidizing the film which 
5 is formed into the gate electrode. Therefore, 

the foregoing manufacturing method cannot be applied 
to a case where a conductive film, such as a tungsten 
film, which causes an abnormal oxidation is employed as 
the overall body or a portion of the gate electrode . 

10 In this embodiment, a method of manufacturing a small- 

size MOS transistor will now be described in a case 
that the foregoing conductive film is employed. 

As shown in FIG. 7A, a silicon nitride film 42 
serving as a gate insulating film and having a 

15 thickness of 5 nm is, by a conventional CVD method, 

formed on the surface of a silicon substrate 41 
subjected to the channel doping similarly to the fourth 
embodiment to control the threshold value of the MOS 
transistor . 

20 Then, as shown in FIG. 7A, a polycrystalline 

silicon film 43 which is formed into the gate electrode 
and having a thickness of 100 nm is formed on the 
silicon nitride film 42 by the CVD method. Then, 
a tungsten film 44 having a thickness of 100 nm is 

25 formed by the sputtering method. Then, a silicon 

nitride film 45 having a thickness of 150 nm and 
serving as a SiN pattern when the polycrystalline 
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silicon film 43 and the tungsten film 44 are etched 
is formed by the CVD method. The introduction of 
the dopant for reducing the resistance of the 
polycrystalline silicon film 43 may be performed 
5 simultaneously with formation of the polycrystalline 

silicon film 43 , after the polycrystalline silicon film 
43 has been formed and before the polycrystalline 
silicon film 43 is processed or after the post 
oxidation (after the polycrystalline silicon film 43 

10 has been processed) has been performed. 

Then, as shown in FIG- IB, the lithography 
technique is employed to form a gate resist pattern 
(not shown) having a minimum width (100 nm) so as to be 
used as a mask to etch the surface of the silicon 

15 nitride film 45 by only a thickness of 100 nm by the 

RIE method. As a result, the thickness of the silicon 
nitride film 45 in a region which is not covered with 
the gate resist pattern is 50 nm. Then, the gate 
resist pattern is removed, and then the silicon 

2 0 substrate 41 is introduced into a remote plasma 

oxidizing furnace . 

Then, while introducing oxygen radicals into the 
remote plasma oxidizing furnace, heat treatment is 
performed at 900°C for 10 minutes at 10 0 Pa. Thus, as 

25 shown in FIG. 7C, a silicon oxide film 46 having a 

thickness of 10 nm is formed on the exposed surface of 
the silicon nitride film 45. 
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The oxidizing reaction of the silicon nitride film 
proceeds such that nitrogen is desociated. Therefore, 
the position of the surface of the silicon nitride 
film 45 and that of the silicon oxide film 46 are 
5 substantially the same. As a result, the width of the 

silicon nitride film 45 realized after the silicon 
oxide film 4 6 has been formed is 80 nm in the upper 
portion. Thus, a gate electrode pattern having a small 
size exceeding the performance of the lithography can 
10 be obtained. The thickness of the silicon nitride film 

45 in the region except for the gate electrode pattern 
is 40 nm. 

Then, as shown in FIG * 7D, the silicon oxide film 

46 is removed by the diluted hydrofuroric acid 

15 solution. Then, the overall surface of the silicon 

nitride film 45 is etched by the RIE method to remove 
the silicon nitride film 45 in the region except for 
the gate electrode pattern. Thus, a SiN pattern is 
formed. The width of the lower portion of the residual 

20 silicon oxide film 46 is 85 nm. 

Then, as shown in FIG. 7E, the SiN pattern 45 is 
used as a mask to sequentially etch the tungsten film 
44 and the polycrystalline silicon film 43 by the RIE 
method. Thus, a gate electrode having a polycide 

25 structure composed of a laminated film of the 

polycrystalline silicon film 43 and the tungsten film 
44 and having a width of 85 nm is formed. 
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Then, a method similar to that according to 
the fourth embodiment is employed to form the post 
oxidation film, the side wall spacer, the extension 
region and the source/drain region* Thus, the small- 
5 size MOS transistor having the polycide structure 

incorporating the tungsten film which is the metal film 
and having the gate electrode width of 85 nm can be 
manufactured. 

□ According to this embodiment, the tungsten film 44 

\M 10 is covered with the silicon nitride film 4 5 in the step 

(FIG, 7C) for oxidizing the silicon nitride film 45 for 

Ljl forming the fine SiN pattern. Therefore, occurrence of 

\J 

abnormal oxidation can be prevented. Moreover, a fact 
'% that the MOS transistor according to the present 

1*1 15 invention has a similar effect to that according to the 

fourth embodiment has been confirmed. 
(Sixth Embodiment) 

The manufacturing methods according to the fourth 
and fifth embodiments have the structure that the gate 
2 0 electrode having a width larger than the minimum width 

of the SiN pattern is formed owing to the shape of 
the SiN pattern. In this embodiment, a method of 
manufacturing a small-size MOS transistor exceeding 
the performance of the lithography and overcoming 
25 the foregoing problem will now be described. 

As shown in FIG . 8A, a silicon oxinitride film 52 
serving as a gate insulating film and having 



a thickness of 5 nm and a polycrystalline silicon 
film 53 serving as a gate electrode and having 
a thickness of 150 nm are, by the conventional CVD 
method, formed on the surface of a silicon substrate 51 
subjected to channel doping to control the threshold 
value of the MOS transistor. 

The channel doping step is performed such that 
boron ions serving as the dopant are introduced into 
the surface of the substrate by the ion implanting 
method at 150 keV and 3 x 10 19 cm -2 . Then, annealing 
is performed to activate the dopant at 1050°C for 
20 seconds. The introduction of the dopant to reduce 
the resistance of the polycrystalline silicon film 53 
may be performed simultaneously with formation of 
the polycrystalline silicon film 53, after the 
polycrystalline silicon film 53 has been formed and 
before the polycrystalline silicon film 53 is processed 
or after the post oxidation (after the polycrystalline 
silicon film 53 has been processed) has been performed. 

Then, as shown in FIG. 8A, a silicon oxide film 54 
having a thickness of 5 nm is formed on the surface of 
the polycrystalline silicon film 53 by the thermal 
oxidation method. Then, a silicon nitride film 55 
having a thickness of 100 nm is formed on the silicon 
oxide film 54 by the CVD method. The silicon oxide 
film 54 and the silicon nitride film 55 are formed into 
a SiC>2 pattern and a SiN pattern serving as masks when 
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the polycrystalline silicon film 53 is etched* 

Then, as shown in FIG . 8B, the lithography 
technique is employed to form a gate resist pattern 
(not shown) having a minimum width (10 0 nm) so as to be 
5 used as a mask so as to sequentially etch the silicon 

nitride film 55 and the silicon oxide film 54 by the 
RIE method . Thus, the Si02 pattern and the SiN pattern 
are formed. Then, the gate resist pattern is removed, 
and then the silicon substrate 51 is introduced into 

10 the vertical batch oxidizing furnace. 

Then, while introducing mixed gas of ozone and 
oxygen (ozone is 10%) into the vertical batch oxidizing 
furnace, heat treatment is processed at 850°C for 
2 hours at 100 Pa. Thus, as shown in FIG. 8C, a 

15 silicon oxide film 56 having a thickness of 10 nm is 

formed on the exposed surfaces of the SiC>2 pattern mask 
54 and the SiN pattern mask 55. At this time, the 
silicon oxide film 56 is formed also on the exposed 
surface of the polycrystalline silicon film 53. 

20 The oxidizing reaction of the silicon nitride film 

proceeds such that nitrogen is desociate. Therefore, 
the position of the surface of the SiN pattern 55 and 
that of the silicon oxide film 56 are substantially the 
same. As a result, the width of the SiN pattern 55 is 

25 80 nm. Thus, the SiN pattern 55 having a small size 

exceeding the performance of the lithography can be 
obtained. Moreover, the lower portion of the SiN 
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pattern 55 is formed by the SiC>2 pattern 5 5 composed of 
the silicon oxide film exhibiting a high diffusion rate 
of the oxidizer. Therefore, the lower portion is 
formed into a rounded shape. 
5 Then, as shown in FIG . 8D, the silicon oxide film 

5 6 is removed by diluted hydrofluoric acid solution. 
At this time, also the SiC>2 pattern 54 is slightly 
removed. Thus, shoulder portions 57 are formed in the 
polycrystalline silicon film 53. 

10 Then, as shown in FIG. 8E, the patterns 54 and 55 

are used as masks to etch the polycrystalline silicon 
film 53 by the RIE method so that the gate electrode 53 
having a width of 80 nm is formed. At this time, an 
influence of the shoulder portions 57 provided for the 

15 polycrystalline silicon film 53 causes upper edges 58 

of the gate electrode 53 to be rounded. 

Then, as shown in FIG. 8F, the exposed portion of 
the SiN pattern film 55 and the gate oxinitride film 52 
and the overall body of the silicon oxide film 54 are 

20 removed by phosphoric acid solution. Then, thermal 

oxidation is performed at 85 0°C so that a post oxidation 
film 59 having a thickness of 5 nm is formed on the 
exposed surface of the silicon substrate 51 and the 
gate electrode 53. 

2 5 Then, as shown in FIG. 8F, the ion implanting 

method is performed at 5 keV and 5 X 10 14 cm" 2 to 
introduce boron fluoride ions serving as the dopant 



# 
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into the surface of the substrate through the post 
oxidation film 59. Then, annealing is performed at, 
for example, 800°C for 10 seconds, to activate the 
dopant . Thus, an extension region 60 is formed. 
5 Then, as shown in FIG. 8F, a silicon nitride film 

serving as a side wall spacer 61 and having a thickness 
of 50 nm is deposited on the overall surface by the CVD 
method. Then, the silicon nitride film is etched by 
a conventional etch back RIE method to form the side 

10 wall spacer 61. The thickness of the finished side 

wall spacer 61 is about 50 nm. 

Then, as shown in FIG. 8F, arsenic ions serving as 
the dopant is introduced into the surface of the 
substrate and the gate electrode 5 3 by the ion 

15 implanting method at 60 keV and 5 x lO 1 ^ C m~ 2 . Then, 

annealing is performed at, for example, 1000°C for 
10 seconds, to activate the dopant to lower the 
resistance of the gate electrode 53. Moreover, 
a source/drain region 62 is formed. 

20 Then, as shown in FIG. 8G, the exposed post 

oxidation film 59 is removed by the diluted 
hydrofluoric acid solution. Then, a cobalt film 
(not shown) having a thickness of 10 nm is formed on 
the overall surface by the sputtering method. Then, 

25 annealing is sequentially performed at 500°C for 

6 0 seconds and at 7 7 0°C for 3 0 second (two-step 
annealing) so that a cobalt silicide film 63 is 
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formed on the gate electrode 53 and the source/drain 
region 62. Then, a non-reacted cobalt film is removed. 
The cobalt silicide film 63 formed on the upper portion 
of the gate electrode 53 has a large surface area as 
5 a reflection of the rounded shape of the upper edge of 

the gate electrode 53. 

Then, a conventional technique is employed to form 
the inter layer insulating film and wirings* Thus, a 
MOS transistor having a gate electrode width of 85 nm 

10 is manufactured. 

In this embodiment, the mask for processing the 
gate electrode is a laminated film of the silicon oxide 
film 54 (the lower portion) /the silicon nitride film 55 
(the upper portion) . The silicon oxide film 54 

15 exhibits high diffusion rate of the oxidizer as 

compared with the silicon nitride film 55. Therefore, 
enlargement of the lower portion of the mask for 
processing the gate electrode occurring in the 
oxidizing step (FIG. 8C) for forming the mask for 

20 processing the fine gate electrode can be prevented. 

As a result, a MOS transistor incorporating the fine 
gate electrode similar to the minimum size of the mask 
can be formed. 

Since the cobalt silicide film 63 formed on the 

25 gate electrode 53 has a large surface area, the 

resistance of the gate electrode 53 can effectively be 
lowered. Thus, a high-speed operation of the MOS 
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transistor can be realized. Moreover , a fact has been 
confirmed that the MOS transistor according to this 
embodiment attains a similar effect obtainable from the 
fourth embodiment. 
5 (Seventh Embodiment) 

FIG. 9A to 9G are cross sectional views showing 
steps of a method of manufacturing a nonvolatile memory 
cell according to a seventh embodiment of the present 
□ invention. The drawings show cross sections in 

Lfl 10 a direction perpendicular to the direction of the 

v3" channel. 

Lfl As shown in FIG. 9A, a silicon oxinitride film 72 

, ¥ serving as a tunnel insulating film and having 

J a thickness of 10 nm is, by a conventional thermal 

15 oxidation/ thermal nitriding method, formed on the 

% surface of a silicon substrate 71 to which boron has 

been doped to control the threshold value of the 
transistor. Then, a polycrystalline silicon film 73 
serving as a lower layer of the floating gate electrode 
20 and having a thickness of 50 nm is formed on the 

silicon oxinitride film 72 by the CVD method. 

Then, as shown in FIG. 9B, the lithography 
technique is employed to form a trench resist pattern 
(not shown) having a small width and intervals (100 nm) 
25 on the polycrystalline silicon film 73 so as to be used 

as a mask to etch the polycrystalline silicon film 73, 
the silicon oxinitride film 72 and the silicon 



substrate 71 by the RIE method. Thus, a trench for 
isolating the device and having a depth of 200 nm is 
formed. Then, the foregoing trench resist pattern is 
removed. Then, the trench is filled with a silicon 
5 oxide film 74 serving as a device isolating insulating 

film. 

The foregoing step for filling the trench is 
performed by depositing the silicon oxide film 74 by 
O the CVD method and by removing unnecessary silicon 

m 10 oxide film 74 on the outside of the trench by a CMP 

ij3 (Chemical Mechanical Polishing process) method. Since 

ijl the unnecessary silicon oxide film 74 is removed by the 

CMP method, flattening of the surface can substantially 
jjj and easily be performed. 

L/j !5 Then, as shown in FIG. 9C, a phosphorus-doped 

S polycrystalline silicon film 75 which is formed into 

the upper layer of the floating gate electrode 
and having a thickness of 80 nm is deposited on the 
overall surface by the CVD method. Then, a pattern 
20 (hereinafter called a "SiN pattern") 76 composed of 

a silicon nitride film having a thickness of 80 nm and 
formed into a shape obtained by inverting the pattern 
of the gate electrode is formed on the phosphorus-doped 
polycrystalline silicon film 75 • Then, the silicon 
2 5 substrate 71 is introduced into a vertical batch 

oxidizing furnace . 

The SiN pattern 7 6 is formed by forming a gate 



resist pattern (not shown) having minimum width and 
intervals (100 nm) on the silicon nitride film and by 
etching the silicon nitride film by the RIE method such 
that the gate resist pattern is used as a mask. The 
silicon nitride film is formed by the CVD method. 

While introducing mixed gas of ozone and oxygen 
(ozone is 10%) into the vertical batch oxidizing 
furnace, heat treatment is performed at 850°C for 
2 hours at 100 Pa. Thus, as shown in FIG. 9D, 
a silicon oxide film 77 having a thickness of 10 nm is, 
by the thermal oxidation method, formed on the exposed 
surface of the SiN pattern 76 and that of the 
phosphorus-doped polycrystalline silicon film 75. 
The silicon oxide film 77 serves as a mask when the 
phosphorus-doped polycrystalline silicon film 75 is 
etched. 

Then, as shown in FIG. 9D, a silicon oxide film 78 
having a thickness of 150 nm is deposited on the 
overall surface by the CVD method. Thus, gaps in 
the SiN pattern 76 is filled. Also the silicon oxide 
film 78 serves as a mask when the phosphorus-doped 
polycrystalline silicon film 75 is etched. 

Then, as shown in FIG. 9E, the SiN pattern 76 is 
used as a CMP stopper to polish the silicon oxide films 
7 7 and 7 8 by the CMP method until the surface of 
the SiN pattern 7 6 is exposed to flatten the surface. 
Then, phosphoric acid solution is used to remove 
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the SiN pattern 76 so that a SiC>2 pattern (a mask for 
processing the gate electrode) composed of the silicon 
oxide films 77 and 78 and having a width of 120 nm is 
formed. 

5 Then, as shown in FIG. 9F, the SiC>2 patterns 77 

and 78 are used as masks to etch the phosphorus-doped 
polycrystalline silicon film 75 by the RIE method so 
that the upper layer of the floating gate electrode 
having a width of 12 0 nm is formed. At this time, 

10 the intervals of adjacent floating gate electrodes are 

80 nm which is narrower than the limit width of 100 nm 
for the lithography. Then, the SiC>2 patterns 77 and 78 
are removed by the diluted hydrofluoric acid solution. 
Then, as shown in FIG. 9G, an insulating film 7 9 

15 between electrodes having a thickness of 15 nm is, by 

the conventional CVD method, deposited on the overall 
surface to cover the exposed surface of the upper 
layer 75 of the floating gate electrode. Then, 
a phosphorus -doped polycrystalline silicon film 80 

2 0 serving as a control gate electrode and having a 

thickness of 100 nm is deposited on the insulating film 
7 9 between electrodes by the conventional CVD method. 
Then, a conventional method is employed to form the 
nonvolatile memory cell. 

25 In this embodiment, the mask for use when the 

phosphorus-doped polycrystalline silicon film 75 is 
etched is the Si02 patterns 77 and 7 8 which permits 



an etching selection ratio with respect to the 
phosphorus -doped polycrystalline silicon film 75. 
Therefore, a necessity for raising the aspect ratio of 
each of the SiC>2 patterns 7 7 and 7 8 can be eliminated. 
Therefore, dispersion of the shape of the finished 
floating gate electrode can considerably be prevented. 
Moreover, the problem that the SiC>2 patterns 77 and 78 
fall can be prevented. 

In this embodiment, the interval of the SiC>2 
patterns 77 and 78 is shorter than the width of the SiN 
pattern 76. Therefore, the interval of the SiC>2 
patterns 7 7 and 7 8 can be reduced exceeding the 
performance of the lithography. 

Since the oxidation of the SiN pattern 76 is 
performed in the ozone atmosphere, the thermal budget 
can considerably be reduced. Thus, change in the 
concentration profile of the dopant introduced into the 
silicon substrate 71 and deterioration in the 
reliability of the tunnel oxinitride film 72 dose not 
raise a problem. 

Since the plasma oxidation is not employed, the 
tunnel oxinitride film 72 is free from any process 
damage. Therefore, the characteristics of the memory 
cell are not changed. 

The foregoing effects can be obtained from 
oxidation in an oxygen radical atmosphere as well as 
the oxidation in the ozone atmosphere. When change in 



the characteristics of the memory cell caused from the 
process damage is permitted, a plasma oxidation method 
in an oxygen atmosphere or an ozone atmosphere can be 
employed. 

Additional advantages and modification will 
readily occur to those skilled in the art. Therefore, 
the invention in its broader aspects is not limited to 
the specific details and representative embodiments 
shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



WHAT IS CLAIMED IS: 

1. A semiconductor device comprising: 

a semiconductor substrate having a main plane 
which has a first region and a second region having the 
surface which is lower than the surface of the first 
region such that the first region and the second region 
are connected to each other; 

a first insulating film formed on the first region 
and containing silicon, nitrogen and oxygen; 

a conductive film formed on the first insulating 
film and containing silicon; and 

a second insulating film formed on the second 
region, containing silicon and oxygen and arranged to 
be in contact with the conductive film and the first 
insulating film. 

2. A semiconductor device according to claim 1, 
wherein a portion of the first insulating film which is 
in contact with the semiconductor substrate contains 
nitrogen at a concentration higher than the 
concentration in a residual portion of the first 
insulating film. 

3. A semiconductor device according to claim 2, 
wherein the concentration of nitrogen in a portion of 
the first insulating film which is in contact with the 
semiconductor substrate is 5 x 10 13 cm" 2 or higher. 

4. A semiconductor device according to claim 1, 
wherein the second insulating film further contains 



nitrogen, and a portion of the second insulating film 
which is in contact with the semiconductor substrate 
and the conductive film has a concentration higher than 
the concentration in the residual portion of the second 
insulating film. 

5. A semiconductor device according to claim 1, 
wherein the first insulating film is a silicon oxide 
film containing nitrogen, and the conductive film is a 
polycrystalline silicon film containing a dopant* 

6. A semiconductor device according to claim 5, 
wherein the first insulating film is a gate insulating 
film, and the conductive film is a gate electrode. 

7. A semiconductor device according to claim 5, 
wherein the first insulating film is a tunnel gate 
insulating film, and the conductive film is a floating 
gate electrode. 

8. A method of manufacturing a semiconductor 
device comprising the steps of: 

forming an insulating film containing silicon and 
nitrogen on a semiconductor substrate; 

forming a film which must be processed and which 
contains silicon on the insulating film; 

processing the film which must be processed to 
cause a portion of the insulating film to expose to the 
outside; and 

subjecting a semiconductor structure obtained 
owing to the steps to an oxidation process using an 
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oxidizing gas containing one of ozone and oxygen 
radicals . 

9. A method of manufacturing a semiconductor 
device according to claim 8, wherein the insulating 
5 film is one of a silicon oxide film containing nitrogen 

and a silicon nitride film. 

10. A method of manufacturing a semiconductor 
device according to claim 8, wherein the insulating 
film is a gate insulating film, and the film which must 

10 be processed is processed to form a gate electrode* 

11. A method of manufacturing a semiconductor 
device according to claim 8, wherein the insulating 
film is formed in such a manner that the concentration 
of nitrogen at an interface of the insulating film with 

15 the semiconductor substrate realized before the 

oxidation process is performed is 5 x 10 1 ^ cm" 2 or 
higher . 

12. A method of manufacturing a semiconductor 
device comprising the steps of: 

20 forming an insulating film containing silicon and 

nitrogen on a semiconductor substrate; 

forming a film which must be processed and which 
contains silicon on the insulating film; 

processing the film which must be processed such 
25 that a portion of the insulating film is exposed to the 

outside; 

subjecting a semiconductor structure obtained in 



the steps to an oxidation process by using oxidizing 
gas containing one of ozone and oxygen radicals; and 

subjecting the semiconductor structure subjected 
to the oxidizing process to at least one of a nitriding 
process and an additional oxidation process, 

13. A method of manufacturing a semiconductor 
device according to claim 12, wherein the insulating 
film is one of a silicon oxide film containing nitrogen 
and silicon nitride film, 

14. A method of manufacturing a semiconductor 
device according to claim 12, wherein the insulating 
film is a gate insulating film, and the film which must 
be processed is processed to form a gate electrode. 

15. A method of manufacturing a semiconductor 
device according to claim 12, wherein the insulating 
film is formed in such a manner that the concentration 
of nitrogen at an interface of the insulating 

film with the semiconductor substrate realized 
before the oxidation process is performed is not less 
than 5 x io 13 cm" 2 . 

16. A method of manufacturing a semiconductor 
device comprising the steps of: 

forming an insulating film containing a silicon 
nitride film on a film which must be processed and 
which includes a silicon film; 

processing the insulating film by using 
lithography and etching to form a pattern composed of 



the insulating film; 

subjecting the pattern in an atmosphere containing 
one of oxygen radicals and ozone to convert the exposed 
surface of the silicon nitride film into a silicon 
oxide film; 

fining the pattern by removing the silicon oxide 
film; and 

processing the film which must be processed by 
transferring the fined pattern to the film which must 
be processed. 

17. A method of manufacturing a semiconductor 
device according to claim 16, wherein 

the insulating film is etched in such a manner 
that the surface of the film which must be processed is 
not exposed to the outside to convert the exposed 
surface of the silicon nitride film into a silicon 
oxide film, and then silicon oxide film is removed to 
form the pattern, 

a portion of the insulating film constituting the 
first pattern which has a small thickness is removed to 
form the fine pattern, and 

the fine pattern is used as a mask to etch the 
film which must be etched to transfer the pattern to 
the film which must be processed • 

18. A method of manufacturing a semiconductor 
device according to claim 16, wherein the insulating 
film further contains a silicon oxide film, and 



the silicon oxide film is formed below the silicon 
nitride film. 

19. A method of manufacturing a semiconductor 
device according to claim 16, wherein the film which 
must be processed is formed into a gate electrode. 
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ABSTRACT OF THE DISCLOSURE 
A method of manufacturing a MOS transistor 
incorporating a silicon oxide film serving as a gate 
insulating film and containing nitrogen and a 
5 polycrystalline silicon film serving as a gate 

electrode and containing a dopant and arranged such 
that the gate electrode is formed on the gate electrode 
insulating film, and an oxidation process using ozone 
is performed to sufficiently round the shape of the 
10 lower edge of the gate electrode ♦ 
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individual inventor is listed below) or an original, f jr.y \ d joint inventor 
(if more than one individual inventor is listed belq^Cf^ J/Sx invention in 

SEMICONDUCTOR DEVICE AND METHOD OF MANUFACTURE 




the specification of which is attached hereto u n 1 e gS SB^r^S^ jro 1 lowing box is 
che eke d. 

was filed on April 27, 2000 as United States Application 

or PCT International Application No. 09/559,757 , and 

was amended on (if applicable). 

I hereby state that I have reviewed and understand the contents of the above 
identified specification, including the claims, as amended by any amendment 
referred to above. 

I acknowledge the duty to disclose information of which is material to pat- 
entability as defined in 37 CFR 1. 56. 

I hereby claim foreign priority benefits under 35 U. S. C. 119(a)-(d) or 365 
(b) of any foreign appl ication (s) for patent or inventor' s certificate, or 
35 U. S. C. 365(a) of any PCT International application wh ich designated at 
least one country other than the United States, listed below and have also 
de n ^ i f 1 e d below any foreign application for patent or inventor' s certifi- 
cate, or PCT International application having a filing date before that of the 
.application on which priority is claimed: 

s Priority 
\ fp o u n t r y Category App 1 i cat i on No. Filing Date Claim 

wJapan Patent 11-121689 April 28, 1999 Yes 

jjapan Patent 2000-122018 April 24,2000 Yes 



And I hereby appoint Douglas B. Henderson (Reg. No. 20, 291), Ford F. 
! :Jarabow, Jr. (Re g. No. 2 0, 6 3 0 ) , Arthur S. Gar ret t' (Reg. No. 20, 338), Donald R. 
LjDu n ne r (Reg. No. 19, 073), Brian G. Brunsvo 1 d (Reg. No. 22, 593), Tipton D. 

Jennings, IV (Reg. No. 20, 645), Jerry D. Voight (Reg. No. 23, 020) , Laurence R. 
Hef ter (Reg. No. 20, 827) , Kenneth E. P ay n e ( Re g. No . 2 3 , 0 9 8 ) , Herbert H. Mintz 
(Reg. No. 26, 691), C. Larry O' Rourke (Reg. No. 2 6, 014), Albert J. Santorelli 
(Reg. No. 22, 610) , Michael C. Elmer (Reg. No. 25, 857) , Richard H. Smith(Reg. 
No. 20, 609), Stephen L. Peterson (Reg, No. 26, 325), John M. Romary (Reg. No. 
26,331), Bruce C. Zotter (Reg. No. 27, 680) , Dennis P. O' Rei 1 ley (Reg. No. 
27,932), Allen M. Sokal (Reg. No. 26, 695), Robert D. Ba j e f sky (Re g. No. 2 5, 387 
), Richard L. Stroup (Reg. No. 28, 478), David W. Hill (Reg. No. 28, 220), 
Thomas L. Irving (Reg. No. 28, 619) , Charles E. Lipsey (Reg. No. 28, 165) , 
Thomas W. Wi nl and (Reg. No. 27, 605), Basil J. Lewris (Reg. No. 28, 818), Martin 
I. Fuchs(Reg. No. 28, 508), E. Robert Yoches (Reg. No. 30, 120), Barry W. Graham 



(Reg. No. 29, 924) 

(Reg. No. 30, 4 15) 

(Reg. No. 27, 432) 

(Reg. No. 31, 354) 



Susan Haberman Grif fen (Reg. No. 30, 907), Richard B. Racine 
Thomas H. Jenkins (Reg. No. 30, 857), Robert E.Converse, Jr. 
Clair X.Mullen, Jr. (Reg. No. 20, 348) , Christopher P. Foley 
John C. Paul (Reg. No. 30, 413), David M. Kelly (Reg. No. 30, 953 
), Kenneth J. Meyers (Reg. No. 25, 146), Carol P. Einaudi (Reg. No. 32, 220) , 
Walter Y. Boyd, Jr. (Re g. No. 3 1 , 738) , Steven M. An z a 1 o ne (Re g. No. 3 2, 0 9 5 ) , 
Jean B. Fordis (Reg. No. 32, 984), Barbara C. McCurdy, (Re g. No . 3 2 , 1 2 0 ) , James 
K. Hammond (Reg. No. 31,964), Richard V. Burgujian (Reg. No. 31,744), J.Michael 
Jakes (Reg. No. 32, 824), Thomas W. Banks (Reg. No. 32, 719), M. Paul Barker (Reg. 
No. 32, 013) and Charles E.Van Horn (Reg. No. 40, 266) , each of whose address 
is 1300 I Street, N. W. , Washington, D. C. . 2 0 0 0 5-3 3 1 5 , or any one of them, 
my attorneys with full power of substitution and revocation, to 
prosecute this application and to transact all business in the Patent & 
Trademark Office connected therewith, and request that correspondence be 
directed to Finnegan, Henderson, Farabow, Garrett & Dunner, L. L. P. , 
1 300 I Street, N. W. , Washington, D. C. , 20005-331 5. 

I declare further that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to 
be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or im- 
prisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of 
the application or any patent issued thereon. 
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I declare further that my post office address is at c/o 
^Intellectual Property Division, KABUSH I K I KA I S HA TOSHIBA, 1-1 Shibaura 
1-chome, Minato-ku, Tokyo 105-8001, Japan; and 

that my citizenship and residence are as stated below next to my, name: 
Inventor: (Signature) Date Residence 

M . s JUL. 26.2000 



Yosb?io Ozawa 



Citizen of: J apan Yokohama-shi, Japan 



Ya ; ^masa Suizu 



Date 



. JUL 26.2000 



Citizen of: Japan Tokyo, Japs 




Yo^hi taka Tsunashima 

ft p 




Date 



JUL 26.2000 



Mt izen of : Japan Yokohama-shi, Japan 



Date : 



Citizen of: Japai 



Date : 



Ci t izen of : Japan 



Date : 



Citizen of : Japan 



Date : 



Citizen of: Japan 



Date : 



Citizen of 



Japan 



